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Although the role of serotonin (5-HT) in the pathogenesis of adult pulmonary hypertension (PH) has been extensively studied, little is known about the role of 5-HT in the normal perinatal pulmonary circulation or in models of PPHN. 5-HT is a potent vasoconstrictor and stimulates smooth muscle cell growth and proliferation in the adult pulmonary circulation (11, 13, 38, 51) . Activation of the 5-HT 1B, 2A, and 2B receptors and the 5-HT transporter (SERT) mediate 5-HT signaling in the adult lung (34, 38, 39) . Pharmacological or genetic strategies that augment 5-HT expression worsen, and inhibition of 5-HT signaling decreases the severity of pulmonary hypertension in adult animal models (10, 12, 23, 27, 29, 35) . Recent studies suggest that selective 5-HT reuptake inhibitor (SSRI) therapy reduces PH in adult animal models and in the clinical setting (26, 31, 37, 53) .
In contrast to the effects of SSRIs in adults with PH and in experimental PH, epidemiological studies suggest that SSRI treatment of maternal depression after the 20th wk of gestation increases the risk of PPHN in the infant by sixfold (7) . This striking developmental difference in response to SSRIs on the pulmonary circulation reflects the lack of our present understanding on the roles of 5-HT in the developing lung. The association between the maternal use of SSRIs and PPHN remains controversial, and only one animal study to date has examined whether SSRIs cause PPHN (16, 55) . Treatment of pregnant rats with SSRIs leads to mild PPHN in rat pups, as seen by increased right ventricular hypertrophy and hypoxemia at birth; however, the mechanisms underlying this response remain uncertain. Specifically, whether this effect is due to the direct action of SSRIs on the developing pulmonary circulation or through changes in maternal utero-placental circulation is unknown. The paradoxical findings of the potential differences of SSRIs in the adult and fetal circulation highlight the critical need to study 5-HT signaling and the direct effect of SSRIs in the fetal lung.
Therefore, we hypothesize that 5-HT plays a key role in maintaining high PVR in the normal fetus and that fetal exposure to SSRIs increases 5-HT activity, which increases pulmonary vascular tone, leading to sustained PH at birth. We studied the effect of acute intrapulmonary infusions of 5-HT, the 5-HT receptor antagonists, GR127935, ketanserin, SB206553, and the SSRIs, sertraline and fluoxetine, in the chronically prepared ovine fetus.
MATERIALS AND METHODS
Pregnant, mixed-breed (Colombia-Rambouillet) ewes were used in this study. All procedures and protocols were reviewed and approved by the Animal Care and Use Committee of the University of Colorado Denver and followed the Guide for the Care and Use of Laboratory Animals established by the National Research Council.
Fetal Surgical Preparation
Surgery was performed at 124 -129 days gestation (full term ϭ 147 days) after ewes had fasted for 24 h and thirsted overnight. Animals were given intramuscular penicillin G (600,000 U) and intravenous gentamicin (80 mg) immediately before surgery. Ewes were sedated with intravenous ketamine (1,000 mg) and diazepam (10 mg) and intubated and ventilated with 1-3% isoflurane for the duration of surgery. Under sterile conditions, a midline abdominal incision was made, and the uterus was externalized. The left fetal forelimb was exposed through hysterotomy. Polyvinyl catheters (20-gauge) were placed in the left axillary artery and vein and advanced in the ascending aorta and superior vena cava, respectively. A left thoracostomy and pericardial incision provided access to the heart and great vessels. With the use of a 16-gauge intravenous placement unit (Angiocath, Travenol, Deerfield, IL), a 22-gauge catheter was placed through purse-string sutures in the left pulmonary artery (LPA) to allow for selective drug infusions. A 14-gauge intravenous placement unit (Angiocath) was used to place 20-gauge catheters in the main pulmonary artery (MPA) and left atrium (LA). After gentle, blunt dissection of the bifurcation of the MPA, a flow transducer (Transonic Systems, Ithaca, NY) was placed around the LPA to measure blood flow to the left lung (QLPA). A catheter was placed in the amniotic cavity to serve as a pressure referent. The uterus was sutured, and a dose of ampicillin (500 mg) was given in the amniotic cavity. The catheters and flow transducer cable were externalized to a flank pouch on the ewe after the abdominal wall was closed. Postoperatively, ewes were allowed to eat and drink ad libitum and were generally standing within 1 h. All animals were treated with scheduled buprenorphine (0.6 mg) for 48 h postoperatively and then as indicated (based on veterinary assessment of pain). All catheters were gently flushed daily with 1-2 ml heparinized normal (0.9%) saline to maintain catheter patency.
Western Blot Analysis
Western blot analysis for lung SERT, 5-HT receptor 1B, 2A, and 2B was performed by standard methods. Blots were incubated overnight at 4°C with SERT (catalog no. sc-14514; Santa Cruz Biotechnology, Santa Cruz, CA; dilution 1:200), 5-HT 1B receptor (catalog no. sc-1460; Santa Cruz Biotechnology; dilution 1:200), 5-HT 2A receptor (catalog no. sc-32538; Santa Cruz Biotechnology; dilution 1:200), or 5-HT 2B receptor antibodies (catalog no. sc-15080; Santa Cruz Biotechnology; dilution 1:200). Blots were washed and incubated for 1 h at room temperature with donkey anti-goat IgGhorseradish peroxidase (catalog no. sc-2033; Santa Cruz Biotechnology; 1:4,000 dilution). Bands of interest were visualized using the Enhanced Chemiluminescence Plus kit and identified by molecular weight as designated by the manufacturer for protein of interest. Blots were stripped and reprobed with an antibody to ␤-actin (catalog no. A5316; Sigma, St. Louis, MO). Densitometry was performed using NIH Image J software. Changes in protein expression were analyzed after normalization for ␤-actin expression.
Drug Preparation
A solution of 5-HT, 5-HT creatinine sulfate monohydrate complex (3 g/ml; Sigma H7752), was made immediately before each study by dissolving the drug in normal saline. Ketanserin (50 mg/ml DMSO; Sigma S006), GR127935 (10 mg/ml H2O; Sigma G5793), and SB206553 (10 mg/6 ml H20; 1661; Tocris Bioscience, Ellisville, MO) solutions were made immediately before each experiment. Fasudil, HA-1077 (100 g/ml; H-2330; LC Laboratories, Woburn, MA) was dissolved in normal saline. Sertraline hydrochloride (20 mg/ml DMSO; Sigma S6319), fluoxetine (4 mg/ml H 2O; Sigma F132) and acetylcholine chloride (15 g/ml sterile normal saline; Sigma A6625) were made and stored at Ϫ20°C.
General Study Design
Ewes were allowed to recover from surgery for a minimum of 24 h before the initiation of physiological studies. During each study, pulmonary arterial, aortic, and left atrial pressures were measured by connecting externalized catheters to computer-driven pressure transducers (model MP100A; Biopac Systems, Santa Barbara, CA). Pressure measurements were referenced to simultaneously recorded amniotic pressure. The flow transducer was connected to an internally calibrated flowmeter (Transonics Systems) to measure Q LPA. Before infusion of study drugs, a 30-min period of stable baseline hemodynamics was established. Hemodynamic variables, including main pulmonary artery pressure (MPAP), left atrial pressure (LAP), aortic pressure (AoP), and Q LPA, were measured continuously for the duration of each study protocol. Left lung PVR was calculated as follows: PVR ϭ (MPAP Ϫ LAP)/QLPA. Heart rate (HR) was determined from phasic pressure traces. Arterial blood gas measurements included pH, PCO2, and PO2 (model ABL 800; Radiometer, Copenhagen, Denmark) and were obtained before and after each drug infusion.
Experimental Design
Protocol 1: pulmonary hemodynamic effects of 5-HT in the fetal lamb. The purpose of this study was to investigate the pulmonary effects of selective 5-HT infusions. After a 24-h recovery from surgery, baseline hemodynamic measurements were recorded every 10 min for Q LPA, MPAP, AoP, LAP, and HR. After baseline measurements were stable for a 30-min period, 5-HT (3-20 g) was infused into the LPA over 20 min. Preliminary studies showed dose-related pulmonary vascular effects at these doses with limited systemic effects. Hemodynamic measurements were recorded every 10 min for 40 min after the infusion concluded. Arterial blood gas tensions were obtained at baseline and at the conclusion of each infusion.
Protocol 2: pulmonary hemodynamic effects of the 5-HT receptor blockers, ketanserin, GR127935, and SB206553. The purpose of these studies was to investigate whether endogenous 5-HT maintains normal fetal vascular tone through actions on the 5-HT 2A, 1B, or 2B receptor. Baseline hemodynamic measurements were recorded every 10 min for Q LPA, MPAP, AoP, LAP, and HR. After baseline measurements were stable for a 30-min period, either ketanserin (10 mg), GR127935 (10 mg), or SB206553 (10 mg) were infused, on random days, into the LPA over 20 min. Hemodynamic measurements were recorded every 10 min for 40 min after the infusion concluded. Arterial blood gas tensions were obtained at baseline and at the conclusion of each infusion.
Protocol 3: effects of 5-HT 2A receptor blockade on the hemodynamic response of exogenous 5-HT administration. The purpose of this protocol was to investigate whether exogenous 5-HT causes pulmonary vasoconstriction through the 5-HT 2A receptor. Baseline hemodynamic measurements were recorded every 10 min for Q LPA, MPAP, AoP, LAP, and HR. After baseline measurements 5-HT (20 g) was either infused alone or after pretreatment with ketanserin (10 mg), a 5-HT 2A receptor blocker. Hemodynamic measurements were recorded every 10 min for 40 min after the infusion concluded. Arterial blood gas tensions were obtained at baseline and at the conclusion of each infusion.
Protocol 4: effects of Rho kinase inhibition on the hemodynamic response of exogenous 5-HT administration. The purpose of this protocol was to investigate whether 5-HT causes vasoconstriction through Rho kinase activation. After a 24-h recovery from surgery, baseline hemodynamic measurements were recorded every 10 min for Q LPA, MPAP, AoP, LAP, and HR. After baseline measurements were stable for a 30-min period, 5-HT (20 g) was infused into the LPA over 20 min. Once hemodynamic measurements returned to baseline, fasudil (100 g) was infused into the LPA. When hemodynamic measurements returned to baseline, 5-HT (20 g) and fasudil (100 g) were infused into the LPA over 20 min.
Protocol 5: pulmonary hemodynamic effects of the SSRIs, sertraline and fluoxetine, in the fetal lamb. Baseline hemodynamic measurements were recorded every 10 min for QLPA, MPAP, AoP, LAP, and HR. After baseline measurements were stable for a 30-min period, sertraline (10 mg) or fluoxetine (10 mg) was infused into the LPA over 40 or 20 min, respectively. The drugs were infused over different time intervals to deliver similar infusion rates. Doses were based on preliminary studies demonstrating pulmonary vascular effects and limited systemic effects. We then studied the pulmonary hemodynamic effects of ketanserin infusion following sertraline administration to determine whether antagonism of the 5-HT 2A receptor would attenuate the hemodynamic effects of sertraline. After baseline measurements were stable for a 30-min period, sertraline (10 mg) was infused into the LPA over 40 min. Immediately after the completion of the sertraline infusion, the 5-HT 2A receptor antagonist ketanserin was infused (10 mg) directly into the LPA over 20 min. Hemodynamic measurements were recorded for 60 min after the end of the infusion. Acetylcholine (15 g) was infused after sertraline administration to determine whether sertraline increases PVR through inhibition of endothelial nitric oxide synthase (eNOS). After baseline measurements were stable for a 30-min period, acetylcholine was infused over 10 min. Following the return of hemodynamic measurements to baseline, the SSRI sertraline (10 mg) was infused into the LPA over 40 min. Immediately following the end of the sertraline infusion, acetylcholine was again infused into the LPA over 10 min. Hemodynamic measurements were recorded for another 80 min.
Arterial blood gas tensions were obtained at baseline and at the conclusion of each infusion.
Protocol 6: Western blot analysis of fetal vs. adult ovine whole lung expression of the SERT and the 5-HT 1B, 2A, and 2B receptors. Lung whole lung lysates were collected from the ovine fetus (gestational age 136 -143 days, term 147 days, N ϭ 4) and the adult ewe (N ϭ 4) to compare the developmental protein expression of the SERT and the 1B, 2A, and 2B 5-HT receptors, as described above.
Statistical Analysis
Statistical analysis was performed using the GraphPad Prism version 5.0 for Mac, GraphPad Software (San Diego, CA). Hemodynamic variables over time were compared using repeated-measures ANOVA with Newman-Keul's post hoc testing. Statistical comparisons were performed using unpaired t-tests and paired t-tests. Data are presented as means Ϯ SE. The significance level was set at P Ͻ 0.05.
RESULTS

Protocols
Protocol 1: pulmonary hemodynamic effects of brief 5-HT infusion in the fetal lamb. Brief intrapulmonary infusions of 5-HT decreased Q LPA by 29% (72 Ϯ 19 vs. 52 Ϯ 13 ml/min, P Ͻ 0.0001) and increased PVR by 61% from baseline (0.62 Ϯ 0.19 vs. 1.00 Ϯ 0.36 mmHg/ml per min, P Ͻ 0.0001; Fig. 1 ). These effects were not limited to the pulmonary circulation, as brief intrapulmonary infusions of 5-HT increased both MPAP (from 44 Ϯ 18 vs. 51 Ϯ 19 mmHg, P Ͻ 0.001) and AoP (41 Ϯ 9 vs. 49 Ϯ 10, P Ͻ 0.001) (Fig. 1) . The effects of 5-HT were short-lived, as Q LPA and PVR returned to baseline shortly after the end of the infusion. 5-HT induced pulmonary vasoconstriction in a dose-dependent fashion at doses ranging from 3-20 g (Fig. 2) . HR decreased from 176 Ϯ 16 (baseline) to 165 Ϯ 21 beats per min (bpm) at the end of the infusion (P Ͻ 0.05), and pH decreased from 7.38 Ϯ 0.03 to 7.37 Ϯ 0.03, P Ͻ 0.05. LAP, Pa O 2 , and Pa CO 2 did not change in response to 5-HT.
Protocol 2: pulmonary hemodynamic effects of the 5-HT receptor blockers, ketanserin, GR127935, and SB206553.
Brief intrapulmonary infusions of ketanserin (10 mg), a 5-HT 2A receptor antagonist, decreased PVR by 24% from 0.56 Ϯ 0.13 at baseline to 0.43 Ϯ 0.12 mmHg/ml per min (P Ͻ 0.005 Fig. 3 ). Ketanserin decreased MPAP from 40 Ϯ 15 vs. 35 Ϯ 6 mmHg, P Ͻ 0.05 (Fig. 3) . AoP briefly decreased during the infusion (from 41 Ϯ 4 vs. 36 Ϯ 14 mmHg, P Ͻ 0.05) but returned to baseline values for the remainder of the study. Ketanserin did not change HR or arterial blood gas tensions. Intra- pulmonary infusions of the 5-HT 1B antagonist (GR127935) or the 5-HT 2B antagonist (SB206553) had no effect on hemodynamics or blood gas tensions (data not shown).
Protocol 3: effects of 5-HT 2A receptor blockade on the hemodynamic response of exogenous 5-HT administration.
The hemodynamic effects of infusions of 5-HT (20 g) alone or after pretreatment with ketanserin (10 mg) were studied to determine whether the effects of 5-HT are mediated through 5-HT 2A receptor activation. The infusion of 5-HT alone increased PVR by 60%, which was abolished after pretreatment with ketanserin (Fig. 4) . The administration of 5-HT increased PVR from 0.61 Ϯ 0.12 to 0.9 Ϯ 0.23 mmHg/ml per min (P Ͻ 0.05). Pretreatment with ketanserin blocked 5-HTmediated vasoconstriction, baseline PVR 0.64 Ϯ 0.1 vs. 0.53 Ϯ 0.06 mmHg/ml per min. 5-HT administration alone decreased Q LPA from 68 Ϯ 17 to 51 Ϯ 13 ml/min, P Ͻ 0.05. In comparison, 5-HT administered after pretreatment with ketanserin resulted in no change in Q LPA , 65 Ϯ 9 vs. 69 Ϯ 14 ml/min. There were no changes in blood gas tensions or HR. As observed with sertraline, infusions of a second SSRI, fluoxetine, also caused potent and sustained pulmonary vasoconstriction (Fig. 7) . Fluoxetine increased PVR by 38%, from 0.55 Ϯ 0.14 (baseline) to 0.76 Ϯ 0.16 (P Ͻ 0.05), and Q LPA decreased 14% from 80 Ϯ 15 (baseline) to 69 Ϯ 22 ml/min. Sertraline administration resulted in a potent increase in PVR. However, ketanserin, a 5-HT 2A receptor antagonist, de- creased PVR to baseline values (Fig. 8, top) . Acetylcholine (15 g) decreased PVR by 33% when infused before and after the infusion of sertraline, suggesting that sertraline did not acutely impair eNOS activity or signaling (Fig. 8, bottom) . (Fig. 9 ).
DISCUSSION
We found that exogenous 5-HT is a potent pulmonary vasoconstrictor in the late-gestation ovine fetus and that the pulmonary hemodynamic effects of 5-HT are mediated through the 5-HT 2A receptor and at least partially through Rho kinase activation. In addition, ketanserin causes fetal pulmonary vasodilation, suggesting that endogenous 5-HT partially contributes to the maintenance of normal pulmonary vascular tone in the ovine fetus thorough the 5-HT 2A receptor. These effects were not observed after treatment with 5-HT 1B or 2B receptor antagonists. We also found that acute intrapulmonary infusions of the SSRIs, sertraline and fluoxetine, cause potent and sustained increases in pulmonary vascular resistance and decreases in pulmonary blood flow and that these effects were mediated through the action of the 5-HT 2A receptor. These agents also caused a sustained increase in systemic pressure. Finally, acetylcholine-induced vasodilation persists after sertraline treatment, suggesting that sertraline did not directly impair NOS activity.
These results are interesting because this is the first report describing the direct pulmonary effects of 5-HT in the developing pulmonary circulation in vivo and the mechanisms through which 5-HT induces fetal pulmonary vasoconstriction. This is the first study to show that acute selective pulmonary infusions of two commonly prescribed SSRIs, sertraline and fluoxetine, directly causes sustained and potent fetal pulmonary vasoconstriction in vivo. SSRI-induced pulmonary vasoconstriction was abolished with the administration of ketanserin, the 5-HT 2A receptor antagonist, but acetylcholineinduced pulmonary vasodilation was not altered by sertraline treatment, supporting our hypothesis that SSRIs cause pulmonary vasoconstriction through an increase in free local or circulating 5-HT and not through inhibition of eNOS.
The first potential link between 5-HT and the development of PPHN was recognized several years ago when Chambers et al. (7) reported that the maternal use of SSRIs after the 20th wk of gestation was associated with a sixfold increased risk of the development of PPHN (7). SSRIs are the most common agents used to treat depression (2, 49) . Maternal depression is extremely prevalent with between 10 -15% of women of reproductive age diagnosed with depression (33) . When untreated, maternal depression is associated with numerous adverse consequences including low birth weight, prematurity, and maternal substance abuse (5, 8, 54) . SSRIs readily cross the placenta, as reflected by fetal cord blood levels, corresponding to 30 -70% of maternal levels (22, 50) . Some infants exposed to SSRIs during the last trimester of pregnancy are reported to develop self-limited signs of withdrawal from these drugs, manifested as sleep disturbances, gastrointestinal and neurological symptoms, and respiratory distress, suggesting significant fetal drug delivery during late gestation (6, 14, 46) . Past studies in pregnant ewes have shown that maternal infusion of SSRIs decreases uterine artery blood flow and causes fetal hypoxemia (41) . Recent studies have demonstrated that fluoxetine-exposed neonatal rats develop pulmonary hypertension, as evidenced by pulmonary vascular remodeling, right ventricular hypertrophy, decreased oxygenation, and higher mortality at birth (16) . However, the pulmonary vascular effects of SSRIs were not directly measured in vivo.
In striking contrast to the effect of SSRIs on the fetal pulmonary circulation, SSRI treatment has been shown to attenuate disease severity in both animal models of adult PH and in adult patients with established PH. SERT inhibition, with either SSRIs or SERT knockout mice, attenuates hypoxiainduced PH in rodents (20, 37) . Clinical studies suggest that SSRI use in patients with PH is associated with a reduction in the risk of death (26, 53) . Why SSRIs exert such differential effects in the fetal and adult pulmonary circulation remains unanswered but may be due to developmental differences in the pulmonary expression of the SERT and 5-HT receptors. We also report that, compared with adult expression, fetal lung content of SERT and the 5-HT 1B, 2A, and 2B receptor proteins were markedly decreased. In fact, SERT protein was not detected in the fetal lung. Whether these differences in SERT expression contribute to developmental changes in SSRI effects and potential mechanistic implications is not understood. We speculate that SSRIs may act in part through effects on platelets, enhancing the release of 5-HT in the fetal circulation and increasing pulmonary vasoconstriction. Alternatively, SSRIs may potentially cause vasoconstriction through nonspecific effects, such as inhibition of voltage-gated potassium channels (56) . Additional studies are needed to clarify these mechanisms. Although this study was conducted to address the direct effects of SSRI infusions on the lung, studies of chronic maternal administration of SSRIs are needed to assess the effect of SSRIs on the uterine placental circulation and whether chronic administration has similar effects to acute administration in the fetal circulation.
We found that SSRIs induce both pulmonary vasoconstriction and systemic hypertension, which may be attributable to an acute increase in circulating levels of 5-HT, by SSRI blockade of 5-HT uptake into platelets, endothelial cells, and other cell types that express the SERT. Infusions of fluoxetine in sheep results in an acute increase in plasma 5-HT levels, whereas chronic fetal exposure to SSRIs reduces mean cord blood 5-HT concentrations and platelet 5-HT concentrations in newborns (3, 28, 42) . We found that the 5-HT 2A receptor antagonist, ketanserin, reverses SSRI-induced pulmonary vasoconstriction, supporting the hypothesis that SSRIs induce pulmonary vasoconstriction through increased 5-HT levels. Another proposed mechanism for SSRI-induced vasoconstriction is through direct inhibition of NOS activity. Previous studies have shown that paroxetine, another commonly used SSRI, inhibits NOS activity and expression (4, 15) . However, we found that acetylcholine-induced vasodilation remained following sertraline administration, showing that eNOS was not inhibited by sertraline.
In adult rodents, 5-HT-induced vasoconstriction is primarily mediated through the 5-HT 1B receptor (34, 38) . In contrast, inhibition of fetal 5-HT 1B receptors had no significant effect on fetal pulmonary blood flow, whereas 5-HT 2A receptor inhibition decreased PVR. Prior studies in isolated rabbit pulmonary arteries have shown that 5-HT-induced fetal pulmonary vasoconstriction is mediated through the 5-HT 2A receptor (40) .
One of the effectors of 5-HT signaling in adult pulmonary artery smooth muscle cells is Rho kinase (21, 25, 32, 36) . Activation of RhoA/ROCK pathway contributes to vasoconstriction and pulmonary vascular remodeling (25, 44, 47) . In the fetus, Rho kinase activation has been shown to maintain PVR and is increased in experimental PPHN (19, 48) . In this study, we found that 5-HT-mediated vasoconstriction was attenuated with coadministration of fasudil, the Rho kinase inhibitor.
We conclude that 5-HT causes potent vasoconstriction in the ovine fetal pulmonary circulation through activation of the 5-HT 2A receptor and in part through Rho kinase signaling. The SSRIs, sertraline and fluoxetine, cause potent and sustained pulmonary vasoconstriction in the normal ovine fetus, which is mediated through stimulation of the 5-HT 2A receptor. We speculate that endogenous 5-HT likely contributes to the maintenance of pulmonary vascular resistance during fetal life. We further suggest that prolonged exposure to SSRIs may lead to abnormal 5-HT metabolism, which may alter the expression of 5-HT receptors, specifically the 2A receptor, leading to increased Rho kinase activity contributing to sustained abnormalities of pulmonary vascular tone, reactivity, or structure, which may lead to impaired transition of the pulmonary circulation at birth (PPHN).
